1. INTRODUCTION ON INITIAL impression, suxamethonium contrasts sharply with drugs such as digitalis or quinine in having a short, and fairly straightforward history. In fact, its emergence as a therapeutically useful drug was surprisingly long and complex.
Suxamethonium (also known as succinylcholine, succinyldicholine) is a neuromuscular blocking agent, commonly classed as a "depolarizing agent". It blocks transmission of impulses from motor nerves to skeletal muscle by interacting with receptors on the post-junctional membrane. These motor end-plate receptors normally combine with the transmitter molecule, acetylcholine, which is released from the nerve terminal on the arrival of an action potential. Acetylcholine is synthesized and stored in the nerve terminal. Its release results from nerve terminal depolarization, and depends on the entry of calcium ions. The transmitter molecules diffuse across the neuromuscular junction and interact with motor end-plate receptors causing a depolarization of the end-plate, which is enough to initiate electrical changes leading to muscle contraction.
Suxamethonium is structurally similar enough to acetylcholine to cause a membrane depolarization, and a muscle twitch, after which blockade sets in. Views of its mechanism of action have changed as the understanding of neuromuscular transmission has progressed.
CURARE -AN IMPORTANT COMPETITIVE NEUROMUSCULAR BLOCKING AGENT
The history of neuromuscular blocking agents starts with curare,1 a substance which Koelle calls "a drug with a long and romantic history". When a dart coated with curare hits an animal, its skin is penetrated, the drug enters the circulation, and death due to paralysis of the respiratory muscles promptly ensues. The advantage of curare is that it is poorly absorbed through the gut wall of persons eating meat killed in this way -it is thus a very specific poison.
Curare was known to western medicine in the nineteenth century. McIntyre,3 surveying its clinical history, pointed out that its use in the treatment of tetanus was first suggested by Sir Benjamin Collins Brodie (1783-1862)4 in a letter to Pierre Flourens in 1811, also reporting his recent demonstration that curarized animals could be resuscitated with artificial respiration.5 In 1858, Lewis Albert Sayre (1820-1900) first used curare in human tetanus -unfortunately the patient, an Irish labourer in New York, died.6 Over the next forty years, the use of curare in tetanus became widespread, and epilepsy, hydrophobia, and chorea were similarly treated. Claude Bernard (1813-1878) described the drug's neuromuscular blocking action in 1856,7
having worked with it since 1844.1 Modern clinical use of curare began in 1932, when Ranyard West9 employed curare-based preparations in the treatment of tetanus and spastic disorders. However, it was the introduction of electric shock therapy (ECT) for the treatment of depressive illness that was to provide the main impetus for curare's widespread use. Indeed, the entire ECT technique would have been abandoned had not an American psychiatrist, Abram Elting Bennett (b. 1898), advanced the idea of using curare to block neuromuscular transmission, thus preventing the disturbing occurrence of fractures and dislocations due to massive contraction of skeletal muscles during treatment. '0" general anaesthesia.14 The company had considerable experience in working with curare: in 1938, Richard C. Gill, an American who had explored and worked in Ecuador, brought back the largest amount of field-test curare so far gathered by an outsider, and made this available to the Squibb research department.'5 In 1940, this laboratory prepared a standardized curare extract called "Intocostrin"." Wright discussed the matter with a Montreal anaesthesiologist, Harold R. Griffith (b. 1894),"7 who in 1942 carried out the first clinical trials of curare as a muscle relaxant on some twenty-five patients.'8 A major problem with curare was difficulty of supply, for its availability limited the extent of its investigation and exploitation. It was this, coupled with problems related to the wide diversity seen in composition and neuromuscular blocking strength of the various samples of curare collected, that stimulated work to find synthetic chemicals with curariform action.
Over seventy years before the introduction of "Intocostrin", work had been done by Alexander Crum Brown Paton (b. 1917) and Eleanor Zaimis (b. 1915) were at NIMR, Hampstead; not, in fact, studying neuromuscular blocking compounds, but drugs that cause histamine release. Paton's observation of slight, but definite, respiratory arrest with a member of another set of histamine releasing dibasic compounds35 alerted him to a pharmacological action at the neuromuscular junction, and on studying the diquaternary compound of the formula shown in Fig. lb , where n = 8, the principal action seen was one of respiratory arrest. In a subsequent paper, Paton and Zaimis said, "Our attention was drawn to the [methonium] series during a test of the power of the octamethylene compound to liberate histamine".36 They therefore discovered the series as a result of careful observation in experimental work: unlike Barlow and Ing, they did not approach the problem from a theoretical basis starting with the structure of d-tubocurarine.
Why did Barlow and Ing become interested in these diquaternary compounds? The answer can be found with Ing's long-standing interest in the relationship between chemical structure and biological activity. While at the Pharmacology Department of University College London, with Winifred Wright during the late 1920s and early 1930s, Ing had worked on the curariform action of onium salts, such as those of
, and trimethylsulphonium ([CH3]3 S+).37 By the 1940s, he had come to the view that the powerful curare-like activity of tubocurarine might be due to the presence of two quaternary groups at some optimal distance apart in the molecule. It was for this reason that he set out to imitate the structure of d-tubocurarine.38
These compounds became known as the methonium series, and one of them, decamethonium, was found to be a valuable depolarizing agent. The series also included hexamethonium, a ganglion blocking drug which became important in the treatment of hypertension. "I Ing was a friend of King, and well aware of his work. In his lectures on chemical pharmacology at Oxford, Ing used to show his students how, in both decamethonium and d-tubocurarine, ten atoms separated the two quaternary nitrogen atoms, suggesting the existence of an optimal separation for neuromuscular block. (Barlow, personal communication, 1979.) 39 Hexamethonium has now been superseded by more modern hypotensive drugs. However, its value should not be underestimated, as it proved to be of major importance in the treatment of dangerously high blood pressure, at a time when few alternatives were available. See, M. Perutz, 'Health and the Medical Research Council', Nature, Lond., 1972, 235: 191-192. demonstration of their clinical potential,40 led to increased interest in this field, and it was not surprising that, in 1949, the curariform action of suxamethonium was described by three independent groups in Italy, Great Britain, and the United States.
The Italian group, which first described the powerful neuromuscular blocking properties of suxamethonium, was led by Daniel Bovet (b. 1907 ).41 They began work on synthetic curare substitutes in 1946, perhaps atypically, by studying molecules chemically similar to d-tubocurarine, going on to work with simpler compounds. In 1947, they described a new synthetic agent with a powerful competitive neuromuscular blocking action, which acquired the name Gallamine. The British group included James Walker (b. 1908), Gladwyn Albert Hurst Buttle (b. 1899), and Eleanor Zaimis. Walker was an organic chemist working at Hampstead; Buttle and Zaimis were pharmacologists. In fact, Zaimis had considerable chemical experience as well, with degrees in both chemistry and medicine. During the course of this work, she had synthesized many methonium compounds, some of them for the first time. The American group, based at the Wellcome Research Laboratories in New York State, comprised an organic chemist Arthur P. Phillips, and Julio C. Castillo (b. 1905) and Edwin J. de Beer (1902 Beer ( -1959 ,42 who studied the pharmacology of suxamethonium. Both Paton43 and Zaimis44 believe that so much effort was put into the study of suxamethonium because of the success of decamethonium, a view confirmed by the original papers. The success of decamethonium was seen as a function of the distance between the two nitrogen atoms [i.e. ten carbon atoms]. Suxamethonium was considered a strong candidate because, as in decamethonium, the two nitrogen atoms were ten atoms apart (Fig. 2) .
The other major reason for interest in suxamethonium was its similarity to two acetylcholine molecules laid end to end. In the British group, F. C. MacIntosh (also at Hampstead) pointed this out, and James Walker went on to make the compound. Additional evidence to support this view came from the American group; one of their publications explicitly called suxamethonium "diacetylcholine".45 40 The demonstration of the clinical potential of decamethonium was under way when the first reports on the synthesis and pharmacological properties of suxamethonium emerged. In 1949, the Italian group published their main paper on suxamethonium," whilst in the same year, Buttle and Zaimis47 and Phillips4" presented papers on its pharany other worker. He went on to state that he tested the drug, and that its very short duration of action led him to reject it. He did not realize that a short-acting drug has a number of practical advantages compared with a longer-acting blocking agent; forexample, it facilitates the precise minute-to-minute control of the depth of neuromuscular block. This was confirmed by Walker. F. C. MacIntosh, 'The Sarrazin Lecture To what extent were these three groups truly independent? All three clearly knew of each other's work, both the American and the British workers specifically citing Bovet's work in their publications. The precise links are more difficult to ascertain. There were close contacts between Bovet and two British laboratories, the Pharmacology Department at Oxford5' and the London School of Pharmacy (the home of Buttle and, briefly at this period, Zaimis).52'53 However, there is nothing to suggest that the three reports on the chemical synthesis of suxamethonium are anything less than accounts of quite independent work.
EARLIER WORK ON SUXAMETHONIUM
This account so far has portrayed the discovery of suxamethonium as a fairly logical process, starting with King's work on d-tubocurarine and moving through work on simple methonium compounds, culminating in the synthesis of suxamethonium itself. But, scientific research rarely progresses so tidily; there is more to the history of suxamethonium than is immediately evident. Bovet's synthesis of it was not the first; it is clear from his 1949 paper54 that he knew of the work of Reid Hunt55 and Rene de M. Taveau, two workers who prepared succinylcholine (suxamethonium) as early as 1906. In a paper published in that year, (i.e., fifteen years before Otto Loewi's classic experiments on chemical transmission and some thirty years before the demonstration of the role of acetylcholine in the neuromuscular juncstructurally similar decamethonium: J. C. Castillo, A. P. Phillips and E. J. de Beer, 'The curariform action of decamethylene -1, 10-bis-trimethylammonium bromide', J. I have recently taken this subject up again in conjunction with Mr. Taveau and I desire today to report briefly some of our results. We have studied 19 such compounds, all but two of which, (the acetyl and benzoyl compounds) are new. Acetyl-cholin: Acetyl-cholin ... is a substance of extraordinary physiological activity. In fact, I think it is safe to say that as regards its effect upon the circulation, it is the most powerful substance known. We have not determined the cause of the fall of blood pressure from acetyl-cholin, but from the fact that it can be prevented entirely by atropine, I am inclined to think that it is due to an effect upon the terminations of the vagus in the heart.36
Hunt, when describing his methods, mentioned that his results were obtained on thoroughly anaesthetized and curarized animals. Curare was used "so as to avoid any interference from effects upon the respiration". He then concluded: "Succinyl-cholin ... was the only compound of the aliphatic dibasic acids studied, its physiological action is similar to that of the valeryl compound ... causing a marked slowing of the heart". By curarizing his animals, Hunt had missed the neuromuscular blocking properties of suxamethonium. This then went undiscovered for over forty years. A further, and much more detailed report was published in 1911.57 Here, Hunt and Taveau were concerned with the effects of choline and some eighty of its derivatives on the circulation and blood pressure, i.e., effects at autonomic ganglia and at a different type of receptor (muscarinic) site for acetylcholine, rather than with the effects at the nicotinic receptors of the neuromuscular junction. Succinylcholine was also mentioned in this report, but again no neuromuscular blocking action was described. One passage in this paper described an experiment to study the effects of acetylcholine on a non-curarized animal. On injecting acetylcholine, Hunt observed an atypical biphasic response in blood pressure. He also saw "slight muscular movements", and ascribed the cause of the changes in blood pressure to this muscle activity. communication, 1979.) intestine, in connexion with studies on choline and its derivatives. He reported it to have only a relatively slight effect on peristalsis.5960 In 1941, Glick synthesized suxamethonium (for what he thought was the first time) and showed its susceptibility to hydrolysis. 61 Thus it is clear that the synthesis and description of the pharmacological actions of suxamethonium had been a series of "near misses" until Bovet finally observed neuromuscular block in 1949. Why did Bovet find an effect that had eluded three other groups? Part of the answer is that he was the first to produce experimental conditions conducive to the appearance of neuromuscular blocking action, e.g., the use of animals not given curare which would mask this action. It is tempting to suggest that Bovet was the first to succeed because, unlike his predecessors, he knew what he was looking for. Experience with decamethonium had shown neuromuscular blocking action to be associated with a polymethylene bistrimethylammonium structure (the structure of the methonium series), and it now seems natural enough to move from the ten carbon atom separation of the two nitrogen atoms in decamethonium to the same separation in suxamethonium. One other factor contributed to Bovet's success: the fact that he worked many years after Dale, when the transmitter role of acetylcholine was well established.
Some twenty years after Bovet's paper, the theoretical basis of the synthesis of the methonium compounds was to be questioned. As mentioned above, the starting-point for Bovet's work was the elucidation of the structure (Fig. lc) .65'66 A group of very useful drugs was thus discovered on the premise that dtubocurarine was a diquaternary salt, an assumption later found to be inaccurate.67
CLINICAL APPLICATION
Following the synthesis of suxamethonium in the late 1940s, the drug was clinically tested in the early 1950s. The areas in which it would be useful were to some extent already known, because of the earlier careful evaluation of decamethonium (1949) (1950) (1951) (1952) (1953) . Suxamethonium, a neuromuscular blocking agent, would be useful in producing a profound muscle relaxation. As Dripps68 points out, "Muscle relaxation of varying degrees is needed in many surgical procedures ... relaxation of the jaw muscles assists intubation of the trachea, and the reduction of a dislocated shoulder can be facilitated by the use of a muscle relaxant". Muscle relaxation is also very helpful in abdominal surgery. The other important application of suxamethonium was also easily predicted: as a short-acting curare substitute to protect patients undergoing ECT.
Paton69 identifies two figures with key roles in advancing the use of suxamethonium: in America, an anaesthesiologist, Francis Foldes; and in Sweden, Stephen Thesleff. Feldman70 notes the contributions of Brucke and his associates and Mayrhofer and Hassfurther in Austria;71 and Scurr7 and Boume and his colleagues in the U.K., in introducing suxamethonium in their countries.
67The structure-activity relation of the d-tubocurarine molecule has remained a topic for detailed scrutiny. It has been pointed out that although the molecule is not diquaternary, it is likely to have two positively charged centres at normal physiological pH, because the tertiary nitrogen atom will be protonated. See W. C. Bowman and M. J. Rand, Textbook ofpharmacology, 2nd ed., Oxford, Blackwell Scientific, 1980, ch. 17, p. 34.
The notion of the existence of an optimal distance of separation of the two nitrogen atoms for neuromuscular blocking activity has now been called into question. This idea was important as the basis of the work of Ing and others. However, it has been pointed out that while the distance between the two quaternary ammonium groups in d-tubocurarine is 1.4-1.5 nm, pancuronium, a competitive blocking agent four to five times more potent, has a separation of 1.0-1.1 nm, while the new blocking drug fazadinium (also called AH 8165) has 0.7 nm between its two quaternary ammonium groups. Furthermore, the role of the quaternary ammonium groups is not clear, the neuromuscular blocking activity of "-erythroidine and dihydro-frerythroidine is abolished when the tertiary nitrogen atoms are made quaternary. See: S. A. 
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The years 1950-53 witnessed intense activity; the drug was selectively tried out on a few patients, generally found to be successful, and papers by practising clinicians in clinical journals around the world brought it to the attention of their colleagues.73 74 
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Many of these papers referred to suxamethonium by its other name, succinyldicholine. The latter name more accurately reflects its composition as an ester of two choline moieties with the dicarboxylic acid, succinic acid. It was known before the start of clinical trials that suxamethonium was a short-acting drug. In 1941, Glick76 discovered that it was very rapidly hydrolysed by non-specific "esterase" enzymes found in the blood plasma." This was subsequently confirmed by Bovet-Nitti in 1949 .71 Ten years later, it was shown that the product of succinylcholine hydrolysis was succinylmonocholine.79 This is an intermediate, which is subsequently hydrolysed to succinate and choline. Succinylmonocholine was considered by Bovet to be pharmacologically inactive80 but was later shown to have blocking properties similar to those of suxamethonium but with much lower potency.81 Choline also has some neuromuscular blocking activity, but at physiological concentrations this is unlikely to have a significant effect. Paton82 considers suxamethonium's susceptibility to hydrolysis to be important in its development as a drug, yet he also points out that brevity of action is one possible explanation why suxamethonium did not replace decamethonium as the muscle relaxant of choice earlier, for at that time the "target" neuromuscular blocking agent was a long-acting drug.
The Suxamethonium would have been exceptional indeed if it had had no major sideeffects. When individual sensitivity to a drug varies by a factor of at least three, this is not surprising. Before publication, Foldes included an addendum to his paper of June 1952, drawing attention to reports of several instances of respiratory depression following the use of suxamethonium. These reports 19 9019' 92were the first indications of its associated side-effects,93 which, typically, came to light only after the start of relatively large-scale trials. These reports were atypical in marking the start of a new phase in the history of suxamethonium: its contribution to the then very young and developing science of pharmacogenetics.
The term "pharmacogenetics" -the study of the genetic component in the response of an individual to a drug -was not coined until 1957.94 The contribution of suxamethonium to the development of pharmacogenetics illustrates how, in the attempts to unravel a problem, the nature of the scientific questions asked inevitably limits the usefulness of the answers in its solution.
Probably the best early review of the difficulties with the clinical application of suxamethonium is that by Bourne et al.95 This paper, and one by Evans et al.96 in the same issue of the Lancet, put into perspective the problems of prolonged apnoea.
These papers also contained the first clues as to the mechanism of this phenomenon. The enzymatic hydrolysis of suxamethonium had been known for some eleven years, so it was thought that the plasma cholinesterase levels of suxamethonium-sensitive patients should be compared with those of normal patients. It was found that "those patients who recovered unusually slowly from succinylcholine had significantly lower plasma-cholinesterase levels than did patients who recovered at the normal speed".96 a Significantly, the test used to measure the activity of plasma-cholinesterase involved the evolution of carbon dioxide from a bicarbonate buffer by the products of ester hydrolysis. It was assumed that the test accurately reflected the level of plasmacholinesterase present in the patient. It was known that certain conditions, such as insecticide poisoning, malnutrition, and liver disease could depress levels of the enzyme.97 At the time, this mechanism was not the only explanation put forward. Acidaemia, synergism of suxamethonium with thiopentone, hyperventilation, and overdosage of the drug were all suggested.9" There are many possible causes of apnoea, however, although the evidence favouring the enzyme as the major determining factor was by far the most persuasive. Evans et al. concluded their paper with the advice: "not to give succinylcholine to patients likely to have a low serum esterase level, such as may be found in liver disease, severe anaemia and after poisoning with anti-cholinesterase compounds"." The problem seemed solved, but then several cases were reported where none of the above factors applied: "the patients appear to be in good health, yet they show prolonged reaction to succinyldicholine and a correspondingly low pseudocholinesterase level". 100101,102 In 1953, Forbat et al. came across one such case and decided to investigate the patient's relatives.'03 They found that his brother also had a low serum esterase level; and since he, too, was in all other respects healthy, this pointed to a genetic factor in the aetiology of suxamethonium sensitivity. Some three years later, one of the authors of the 1953 paper, Lehmann, published with Ryan a study of the families of five unrelated suxamethonium-sensitive individuals and suggested that the evidence pointed to "a recessive gene being responsible"''04
The next important contribution in unravelling this problem came from Kalow, a pharmacologist who was to contribute much to the field of pharmacogenetics. In a succession of papers in the late fifties, he and his co-workers demonstrated that the presence of an abnormal enzyme rather than a lack of normal serum-cholinesterase made certain otherwise healthy individuals sensitive to suxamethonium. 105,106,107,108 This conclusion differs from those made on the basis of earlier work. Because the atypical form of the enzyme has less affinity for a substrate, e.g. suxamethonium, the early observations had suggested less cholinesterase physically present in drugsensitive patients. In otherwise healthy patients, this was simply not the case -the tests used were at fault because they reflected cholinesterase activity, rather than the amount of enzyme, yet they were interpreted in terms of the latter.10'110'11' Such abnormal enzymes had kinetic properties markedly different from normalsuxamethonium and other substrates having a much lower avidity for the abnormal enzyme. At typical concentrations of suxamethonium present during anaesthesia, the abnormal enzyme has no detectable effect on the drug in contrast to the marked hydrolytic effect of normal enzyme."2 Using a variety of methods, it has since been shown that at least one of the two sites on the plasma-cholinesterase molecule which normally bind a choline ester molecule is altered."3 Further work has suggested that the "esteratic" site as well as the "anionic" site may be altered.""4"'11
The problem was made clearer by Kalow and his co-workers. A local anaesthetic called Dibucaine (Nupercaine, Cinchocaine) was found to inhibit normal and atypical forms of serum cholinesterase differentially. The gene responsible for the atypical cholinesterase molecule is now designated E, , while the normal form is shown as El u. Using this inhibitor, three distinct groups were characterized: (i) Individuals with an enzyme that could be 80% inhibited. These were normal individuals carrying two genes for the normal enzyme -homozygotes [E, u E, 1. (ii) Suxamethonium-sensitive individuals homozygous for the abnormal enzyme, which was 20% inhibited by Dibucaine [E,a E10J (iii) Heterozygous individuals who carry one gene for normal enzyme, and one for atypical enzyme. This group, which produced a mixture of enzymes was intermediate, showing 52-69% inhibition. The syndrome of suxamethonium sensitivity was thus clearly shown to have a genetic basis.
Kalow's work showed that inheritance of the atypical enzyme was in a genetic system where two non-dominant alleles -"normal" and "atypical" -operated [E, u E,a. It is important to note that the substrate used in the Dibucaine experiments of Kalow and co-workers was benzoylcholine, not suxamethonium, because it was much easier technically to follow the former's hydrolysis reaction. Benzoylcholine could be used because it too is a choline ester. Benzoic acid is, however, a monobasic carboxylic acid. This study, therefore, was based on the assumption that the hydrolysis of benzoylcholine by plasmacholinesterase was a good kinetic and mechanistic model for the breakdown of suxamethonium."'1 The use of an inhibitor in the study of atypical enzyme molecules was important, and, not surprisingly, this idea was subsequently used by other workers. In the early 1960s, the inhibitor method was again applied, using fluoride instead of dibucaine. Another allele on the same gene locus was discovered, producing an enzyme which could hydrolyse suxamethonium at an intermediate rate. 7""'8 This has been designated Elf A number of other inhibitors have been used. These include urea, 119,120 sodium chloride,'2' n-butanol,'22 and suxamethonium itself.'23 All of these have been used in systems using benzoylcholine as substrate. Some of these inhibitors, notably sodium chloride'24 and n-butanol, have been shown to inhibit some samples of plasmacholinesterase in unusual ways and have resulted in the postulation of other alleles at this locus, which are not shown up well in conventional Dibucaine tests.
More rarely, individuals who lack functional enzyme have been found.'25l126 Such individuals are very susceptible to suxamethonium, and have to be ventilated for several hours until the drug (which is not broken down enzymatically) is excreted.'27
Such individuals have what pharmacogeneticists call "silent" genes; homozygotes occurring at the rate of 1 per 100,000 people. A survey of the literature on the silent gene revealed that the majority of the world population described as having the silent gene are Eskimos -partly due to inbreeding in an isolated Alaskan Eskimo population.'28 The silent gene (designated E,) has subsequently been shown to be heterogeneous. It was initially unclear whether it was the gene or its product, the enzyme, that was "silent". It has since been shown that both these alternatives can be found in nature: some individuals carrying the silent gene have very low enzyme activity, about 2-8% of the normal level of cholinesterase activity, while there is another group with no enzyme activity at all.'29-"3 It is thought that individuals bearing the silent gene specifying the latter type of defect simply produce no enzyme at all. The allele resulting in absence of enzyme is now designated E, s while the allele characterized by low enzyme activity is designated E,T A third variant within the silent group, E,R, also with less than 10% of the normal activity was recently found in an Alaskan Eskimo.'34 Other silent gene variants may yet be discovered.
Individuals with abnormally high cholinesterase activity have also been reported. There are two types. One, present in the British population, results in an average level of serum cholinesterase activity some 30% above normal, a margin too slight to have clinical significance.'" Individuals with this variant possess an extra serum cholinesterase component, designated C5. The second version, discovered in Cynthiana, Kentucky, 136 and therefore now designated ECynth"ana confers resistance to suxamethonium. Individuals with this allele were shown to hydrolyse the drug much faster -the plasma enzyme activity being three times the normal. This variant has both a qualitative and a quantitative dimension: a biochemically different cholinesterase molecule is being produced, as in the examples described above, but also there is an elevated amount of enzyme present in the serum of individuals with this allele.
The concept of quantitative variation in plasmacholinesterase levels has only recently been considered to have a genetic basis. This is probably for two reasons: first, the idea that abnormal response to suxamethonium was solely a function of the amount (cf. the activity) of plasmacholinesterase was, as we have seen, an idea which confused much of the early thinking about this problem. Second, a number of welldocumented causes of reduced enzyme levels (e.g., liver disease) exist.138 It is clearly difficult to distinguish between these conditions where the synthesis of normal enzyme is depressed because of disease or malnutrition, and genetic determinants causing reduced synthesis of normal enzyme. Nonetheless, two quantitative variants have recently been described. One of these, Eli causes a 65-70% reduction in circulating normal cholinesterase molecules,'39"140 while the other, Elk, causes a 33% reduction.""41,42
As we have noted, the substrate used in nearly all of the studies described above was benzoylcholine, not suxamethonium. This further illustrates that the way in which the problem was approached has necessarily limited the usefulness of the answers. The use of benzoylcholine in tests on sera from affected patients provided no information on the ability of these sera to hydrolyse suxamethonium. It is clearly desirable to use suxamethonium itself as a substrate in these assays. This innovation really had to await the development in 1975 of a convenient method for following the hydrolysis reaction,"13"" I whereby samples of sera previously classified as normal, which came from patients with a history of prolonged apnoea, were reexamined with suxamethonium as substrate and Dibucaine as inhibitor. This has resulted in the discovery of a new variant with altered properties toward succinyldicholine but not toward benzoylcholine. The The hydrolysis rate for suxamethonium observed clinically is altered for E,', ECyntliapa E,i and E,k predominantly because these alleles cause a change in the amount rather than the activity of enzyme produced.
The story of suxamethonium apnoea can be continued up to the present day. It was recognized quite early in the analysis of this problem that the prolonged response to suxamethonium was associated with a low level of pseudocholinesterase activity. It was suggested that rather than ventilate until the patient recovered through removal of the drug by excretion, it would be desirable to treat the apnoea by injection of a concentrated preparation of pseudocholinesterase. Such a preparation became available from the Cutter Company of California. It was injected successfully when an individual was actually experiencing prolonged apnoea following injection of suxamethonium.1""4'7 However, it was not possible to continue this work, because some of the concentrated preparations proved antigenic, and some may have been contaminated with virus. In 1968, a suitable enzyme preparation became available in Germany.'48 This was tested and recommended for general use in suxamethonium apnoea. It is commonly used in Germany today."49 British interest in this problem is now reviving, and the use of enzyme preparations in the treatment of prolonged apnoea may yet become established clinical practice in the U.K. '5O
More work needs to be done on apnoea and its causation -defective enzymes are not the entire story. In a study by Thompson and Whittaker,"' it was shown that onethird of all the patients in their sample group who had experienced prolonged apnoea were of normal genotype in relation to this enzyme, and had normal cholinesterase activity! It is likely that at least some of these individuals possess variant forms of plasmacholinesterase as yet undiscovered.
The importance of suxamethonium to pharmacogenetics was acknowledged by Kalow, when concluding the First International Conference on Pharmacogenetics in 1967: "some of the topics like ... prolonged action of succinylcholine and slow inactivation of isoniazid have been godfathers to the field of pharmacogenetics".'"2
OTHER EFFECTS OF SUXAMETHONIUM
I have concentrated on one major side-effect seen with suxamethonium because of its considerable importance in influencing ideas in the fields of genetics and pharmacology as well as in areas of clinical interest. However, apnoea is not the only problem with suxamethonium. In the current edition of Martindale,"' some thirteen different effects are listed. Some of them are due to the cholinomimetic properties of the drug, e.g., bradycardia.
As a result of depolarizing the end-plate, suxamethonium causes release of potassium from inside the muscle cells into the extracellular space, and thence into the blood plasma. Fortunately, in only a small group of patients -those who have been severely burned, and those who have neurological injuriesl54 -has the problem become serious. The risk is that the plasma level of potassium will reach a value high enough to cause cardiac arrest.
In addition, suxamethonium has contributed to legal, as well as medical, history. It was used for a murder, and it is still controversial whether the drug or its breakdown products can be detected in Bovet in 1949, a number of earlier workers had made and tested the drug. One of these groups had worked some forty years before Bovet's success. For a variety of reasons, they failed to show its major physiological action. the drug, described by Glick, (op. cit., note 61 above), results in succinate and choline -many grams of which are already present in the body. Functionally, the drug seems to disappear without trace.
It is still a matter of debate as to whether it is possible to detect raised levels of the hydrolysis products of suxamethonium, when the dose needed to block respiration is low, and there is likely to be some variation in the levels of choline and succinate present physiologically. In the early 1960s it was thought impossible to detect this drug in the human body. New tests were stimulated by, and devised for, the trial of the anaesthetist. It is the validity of these tests that is currently under attack. Alex Gringauz, Drugs -how they act and why, Saint Louis, C. V. Mosby, 1978 The history of suxamethonium after its initial adoption for clinical use is particularly interesting. One side-effect -prolonged respiratory depression -proved to be a very complex problem. Its solution made an invaluable contribution to pharmacogenetics -the understanding of the genetic control of the response of an individual to drugs. The way in which this problem was solved illustrates how the use of certain methods can determine the nature and usefulness of the results obtained.
Suxamethonium has also contributed to the understanding of fundamental mechanisms at the neuromuscular junction. Paradoxically, it is a depolarizing drug, with a mode of action different from that of d-tubocurarine despite their common structural features.
